General base catalysis supplied by the histidine-12 (H-12) residue of ribonuclease (RNase) A has long been appreciated as a major component of the catalytic power of the enzyme. In an attempt to harness the catalytic power of a general base into antibody catalysis of phosphodiester bond hydrolysis, the quaternary ammonium phosphate 1 was used as a bait and switch hapten. Based on precedence, it was rationalized that this positively charged hapten could induce a counter-charged residue in the antibody binding site at a locus suitable for it to deprotonate the 2-hydroxyl group of the anhydroribitol phosphodiester substrate 2. After murine immunization with hapten 1, mAb production yielded a library of 35 antibodies that bound to a BSA-1 conjugate. From this panel, two were found to catalyze the cyclization-cleavage of phosphodiester 2. Kinetic studies at pH 7.49 (Hepes, 20 mM) and 25°C showed that the most active antibody, MATT.F-1, obeyed classical Michaelis-Menten kinetics with a K m ‫؍‬ 104 M, a k cat ‫؍‬ 0.44 min ؊1 , and a k cat ͞k uncat ‫؍‬ 1.7 ؋ 10 3 . Hapten 1 stoichiometrically inhibits the catalytic activity of the antibody. MATT.F-1 is the most proficient antibodycatalyst (1.6 ؋ 10 7 M ؊1 ) yet generated for the function of phosphodiester hydrolysis and emphasizes the utility of the bait and switch hapten paradigm when generating antibody catalysts for processes for which general-base catalysis can be exploited.
The hydrolysis of phosphodiester bonds, such as those found in DNA and RNA, is a reaction of fundamental importance in living systems. Consequently, there are intense efforts centered around the development of novel phosphodiesterases for use in biochemistry and medicine (1) (2) (3) (4) (5) . Our approach to this area has been to exploit the diversity of the murine immune system (6, 7) to generate antibodies possessing phosphodiesterase activity. Preliminary success in this area was based on our work with oxotechnetium(v) and oxorhenium(V) complexes that inhibit ribonuclease (RNase) U 2 (EC 3.1.27.4) activity (8) (9) (10) . The oxorhenium(v) hapten 3, a putative transition state analog for the cyclization-cleavage of oligonucleotides, generated a catalytic antibody, 2G12, that catalyzes the hydrolysis of uridine 3Ј-(p-nitrophenyl) phosphate (UpOC 6 H 4 -p-NO 2 ) 4 (11) (Fig. 1) .
The most studied of the natural ribonucleases is bovine pancreatic RNase A (EC 3.1.27.5) (12) (13) (14) . X-ray diffraction (15) , chemical modification (16) , and pH-rate studies (17) are all consistent with an enzymatic reaction mechanism in which the rate-limiting transition state for RNA cleavage is similar to that shown in Fig. 2 .
Although this mechanism has stimulated much speculation in the fields of bioorganic chemistry and enzymology (18) (19) (20) (21) (22) , it does seem clear that the imidazole group of histidine 12 (H-12) acts as a general base by deprotonating the 2Ј oxygen and that the imidazolium group of histidine 119 (H-119) acts as a general acid by either protonating the 5ЈЈ oxygen of the leaving group (classical mechanism) or a nonbridging phosphoryl oxygen (triester-like mechanism). Furthermore, Raines (23) has shown by mutagenesis studies that the imidazolium group of H-119 is not required as a general acid if the leaving alcohol is activated, i.e., with a pK a much lower than for its native natural substrate. In fact, it was noted that the ratio of k cat ͞K m for an H119A mutant and wild-type RNase A was only 0.63 for the substrate UpOC 6 H 4 -p-NO 2 4 emphasizing this point. Therefore, it seemed possible that, to produce a de novo catalyst for cleavage of the activated phosphodiester substrate 2 as an alternative strategy to our transition state analog approach (11) vide supra, the incorporation of a general base at a locus in the binding pocket proximate to the 2Ј-hydroxyl group may be sufficient.
The bait and switch paradigm is a well established strategy for the elicitation of antibody catalysts (24) (25) (26) (27) . The methodology involves the use of a charged hapten that elicits a complementary charged residue in the antibody combining site during the evolutionary time scale of the immunization process. This counter-charged residue then may be able to act in a catalytic manner when the hapten is ''switched'' to the substrate in question. Significant success has been realized when the hapten is positively charged, yielding negatively charged catalytic residues in the antibody combining sites capable of acting as general bases (24, 26, 27) . In an attempt to mimic the key features of general base catalysis used by RNase A, herein we describe the implementation of a quaternary ammonium, bait and switch hapten 1 for the elicitation of antibody catalysts for phosphodiester hydrolysis of substrate 2 ( Fig. 1) .
MATERIALS AND METHODS
Synthesis of Hapten 1. The quaternary ammonium hapten 1 was synthesized in 14 steps from the anhydro D-lyxo acetate 5 ( Fig. 3) , which was prepared by our previously described method from L-xylose (9, 10) . Removal of the acetate ester of 5 was achieved by stirring in a solution of potassium cyanide (Aldrich) in methanol. After addition of a mixed bed ionexchange resin (Bio-Rad) and filtration and evaporation of solvent, the azido alcohol 6 was obtained in 96% yield. C-3 epimerization of alcohol 6 was achieved by an initial activation to the trifluoromethylsulfonate ester 7 with trifluoromethanesulfonic anhydride (Aldrich) in a pyridine͞dichloromethane (DCM) mixture followed by displacement with cesium acetate (Sigma) and 18-crown-6 (Aldrich). This gave the anhydro D-ribo acetate 8 in good yield (68% from 6). The acetate group was removed by the same method as described for 5, vide supra.
The alcohol product 9 was protected as a tert-butyldimethylsilyl (TBDMS) ether 10 with TBDMS triflate (Aldrich) and 2,6-lutidine (Aldrich) in DCM (0°C, 20 min) in excellent yield (97%). The diethylacetal group was removed by treatment in a DCM͞H 2 O͞trifluoroacetic acid (TFA) mixture (1:0.2:1) to give the aldehyde derivative 11. Aldehyde 11 was oxidized smoothly with a 5% aqueous potassium permanganate solution to the carboxylic acid 12, which, without further purification, was acylated with tert-butyl 6-aminohexanoate in the presence of triethylamine (Aldrich) and O-benzotriazol-1-yl-N,N,NЈ,NЈ-tetramethyluronium hexaf luorophosphate (Aldrich). The crude reaction mixture was purified by silica gel chromatography to give the amide product 13 in 57% yield from 7. The TBDMS ether group was removed by tetrabutylammonium fluoride (Aldrich) in tetrahydrofuran (THF). The azide group of alcohol 14 was reduced by catalytic hydrogenation, and the amine product 15 was methylated reductively with a 37% aqueous formaldehyde (Aldrich), sodium cyanoborohydride (NaCNBH 3 , Aldrich), and zinc chloride (ZnCl 2 , Aldrich) mixture to give the dimethylamino product 16 in 97% yield from 14. The 4-nitrophenylphosphate group then was added by treatment of 16 with 1.1 equivalents of lithium diisopropylamide (Aldrich) in THF followed by 4-nitrophenylphosphorodichloridate (Aldrich) in THF to yield the anhydro ribo aminophosphate 17 in 43% yield after preparative scale silica gel chromatography. Methylation of the tertiary amine 17 with an excess of iodomethane followed by acid (TFA) hydrolysis of the tert-butyl ester gave 1 in 33% yield from 17. Synthesis of Substrate 2. The poor stability of phosphodiester 2 precluded its direct synthesis and isolation. However, the 5Ј-dimethoxytrityl (DMT)-2Ј-tetrahydropyranyl (THP) derivative 18 was sufficiently stable that it could be stored as a 10-mM stock solution in acetonitrile͞H 2 O (1:1) with 1% Tween-20 for up to 6 months essentially unchanged. Substrate 2 is generated from 18 when treated with Amberlyst H-15 (strongly acidic) resin for 45 min in acetonitrile͞H 2 O (1:1) with 1% Tween-20. The route to 18 involves five steps from anhydroribitol 19, which was synthesized via the methyl glycoside of D-ribose (Aldrich) by the method of Bennek and Gray (28) . Triol 19 was reacted with 1,3-dichloro-1,1,3,3-tetraisopropyldisiloxane (TIPS-Cl) (Aldrich) and imidazole (Aldrich) to give the TIPS-protected derivative 20 in excellent yield (87%). The 2Ј hydroxyl then was protected selectively as a tetrahydropyranyl (THP) ether 21 by using the method of Cardillo et al. (29) . The TIPS group was removed by treatment with tetrabutylammonium fluoride in THF to give the diol 22 in excellent yields (95%) after silica gel chromatography. The 5Ј-hydroxyl group of 22 then was protected as a dimethoxytrityl ether by using DMT-chloride (Aldrich) and triethylamine with pyridine as the solvent. After silica gel chromatography, the 5Ј-DMT ether 23 was isolated in good yield (76%). Phosphorylation of the 3Ј position of 23 was achieved by using 4-nitrophenylphosphorodichloridate, triazole, triethylamine, and N-methylimidazole. The product 18 was isolated as its triethylammonium salt after an aqueous extraction (4 M triethylammonium bicarbonate) and preparative scale thin layer chromatography in good yield (53%). R f 0. (30) (31) (32) . Hybridoma cell lines that secreted BSA-1-specific antibodies were grown in tissue culture or ascites. Antibody purification involved a three-stage process including precipitation from ammonium sulfate and then affinity, protein-G, column chromatography followed by ion-exchange chromatography on a DEAE column. At this stage, all antibody preparations were Ͼ99% pure based on silver staining by using SDS͞PAGE gels. Immediately before kinetic evaluation, all antibody preparations were dialyzed into the reaction buffer.
Kinetic Studies. Buffers used for kinetic studies were prepared with deionized water. The pH of all aqueous solutions was measured with an Orion model 920A pH electrode at room temperature. Hepes buffer (10-400 mM; Sigma, ultragrade, Ͼ99.5% pure) was used between pH 7.0-8.0.
Aqueous preparations of 2 were generated fresh for each set of kinetic studies by treatment of a 5Ј-DMT-2Ј-THP-protected derivative 18 solution in acetonitrile͞H 2 , as an external standard, and immediately injected onto an high performance liquid chromatography column. The products were separated on an Alltech Adsorbosphere HS C-18 reversed-phase column at 254 nm by using an isocratic elution system of 54% acetonitrile and 46% water (0.1% TFA) at a flow rate of 1 ml⅐min Ϫ1 . The first step involves a rapid loss of the DMT ether from 18 to form the hydroxyphosphate 24 and dimethoxytrityl alcohol 25 (Fig. 5 ). This reaction is complete after 15 min. The loss of the THP ether is, however, much slower, taking Ͼ1 h to reach completion. Unfortunately, there is a competing acid-catalyzed cyclization-cleavage of 2 occurring during this process, so it is difficult to generate substrate 2 independently of the 2Ј,3Ј-cyclic phosphate 26 and pnitrophenol. Throughout these studies, the acid-catalyzed deprotection of 18 was stopped at 45 min, where the ratio of 2 to 24 is Ϸ95:5 and only a very small proportion (Ͻ1%) of 26 and p-nitrophenol are present.
Kinetic analysis of the base-catalyzed hydrolysis of 2, initial screening of antibody clones, and in depth kinetic analyses of catalytic antibodies were performed by monitoring pnitrophenol release by using a 96-well microtitre plate and ELISA plate reader (Spectramax 250) and repetitively scanning at 405 nm and 25°C. In a typical assay, a stock solution of substrate 2 (10-50 mM, 1 ml) in acetonitrile͞H 2 O (1:1 with 1% Tween-20) was deprotected for 45 min and then diluted serially in acetonitrile͞H 2 O (1:1 with 1% Tween-20) before being added (5 l) to a buffer solution (Hepes, 20 mM, pH 7.49, 95 l) with or without antibody present in a 96-well microtitre plate. In all cases, the reported rate constants were calculated by the method of initial slopes (2-5% conversion, Ͼ20 points). The rate of cyclization-cleavage of 2 was followed at 6 substrate concentrations and four buffer concentrations at pH 7.49; all points were at least duplicate determinations. The background or noncatalyzed rate of hydrolysis of 2 k uncat is calculated by plotting rate vs. buffer concentration and extrapolating to zero buffer by using the CRICKET GRAPH computer program (Computer Associates International, Islandia, NY).
MATT.F-1 steady state kinetic parameters were determined by using the assay conditions as described above. Substrate concentration varied from 20 to 500 M and antibody concentrations, determined by UV spectroscopy, were 0.14-0.28 mg⅐ml Ϫ1 . The reaction was followed for only the linear part of the slope (Ͻ5%, correlation coefficient Ͼ0.985). The data were analyzed by using nonlinear regression analysis by using the GRAFIT computer program (Erithacus and Microsoft) on a Compaq PC.
RESULTS AND DISCUSSION
The problems of mimicking the penta-coordinate anionic phosphorane transition state for phosphodiester hydrolysis have kept antibody-catalysis of the phosphodiester bond from being reported until only recently. The successful strategy used a penta-coordinate metallochelate as a transition state analog hapten (11) . In an attempt to expand and improve the scope of this original approach, we have designed hapten 1 with the sole purpose of incorporating a general base in an antibody binding site proximate to the 2Ј hydroxyl of substrate 2 such that it facilitates nucleophilic attack of this hydroxyl group on the adjacent phosphoryl center. For this hapten design transition, state mimicry is sacrificed and is replaced by a point charge with the expectation of yielding a counter-charged residue in the antibody binding site.
Of key import in the hapten and substrate design was to minimize the risk of contaminating phosphodiesterases that could contribute to the observed catalysis of the antibody preparations. For this reason, substitution at the 1Ј-locus of the D-ribose ring of 2, with a heterocyclic base, was omitted. Indeed, kinetic studies revealed that phosphodiester 2 is not a substrate for RNase A, U 2 , and H under the assay conditions outlined vide supra, and only in the presence of high concentrations (micromolar) of phosphodiesterase I was catalytic activity detected. Based on these results, it was believed that any contaminating phosphodiesterases would have to be present in high concentration to generate any observable catalysis and thus would be easily detectable during the purification stages described above.
After immunization protocols with the keyhole limpet hemocyanin 1 conjugate and mAb production, 35 hapten-specific hybridoma cell lines were isolated. All of these antibodies then were screened for their ability to catalyze the cyclizationcleavage of 2.
The base-catalyzed cleavage of 2 was found to be first order with respect to hydroxide ion, and the observed rate constant (k obs ) was found to have a small linear dependence on the concentration of total Hepes buffer. The apparent secondorder rate constant (k 2 ϭ dk obs ͞d[Hepes tot ] for 2 is proportional to the fraction of Hepes as the free base, so the rate law is given by Eq. 1 (33) .
Intermediates in the acid-catalyzed deprotection of 18. All intermediates containing a UV chromophore were separated by using high performance liquid chromatography and their rates of formation were determined by peak area ratio with an external standard. , a value in complete accord with previous examples of aryl phosphodiester bond hydrolysis (33, 34) .
Two antibodies from the library vide supra were found to catalyze phosphodiester hydrolysis of substrate 2. The most active clone, MATT.F-1, was studied in depth and was found to obey classical Michaelis-Menten kinetics. Steady-state kinetic parameters were measured at pH 7.49 (Hepes, 20 mM), yielding a k cat ϭ 0.44 min
Ϫ1
, a K m ϭ 104 Ϯ 11 M, and a k cat͞ k uncat ϭ 1.65 ϫ 10 3 . The reaction progress curves remained linear when followed for more than one turnover, suggestive of no product inhibition.
When studying any catalyst for processes in which natural enzymes catalyze the same reaction, it is essential to exclude the possibility of enzyme contamination. In addition to the inherent stability of substrate 2 to naturally occurring phosphodiesterases, vide supra, several experiments also have been performed that help rule out the potential contribution of enzymatic contamination. First, hapten 2 was found to be a stoichiometric inhibitor of MATT.F-1. † Second, antibody activity was destroyed upon boiling for 3 min, mitigating against contamination by thermostable RNases. Finally, MATT.F-1 preparations purified in three steps, precipitation, affinity chromatography (Protein-G column), and ion-exchange chromatography (DEAE column), from different batches of ascites retain the same catalytic activity.
Attempts to dissect the mechanism of action of MATT.F-1 have been limited severely by the proclivity of the antibody to precipitate from buffer solutions at pHs below Ϸ7.3 and at temperatures at or below 25°C. Isotyping of MATT.F-1 by ELISA revealed that it is an IgG with a light chain and a ␥3 heavy chain. Standard texts report that ␥3 subtypes are susceptible to precipitation under ambient conditions (35) . In our hands, all attempts to improve the solubility of MATT.F-1 by modifications of salt concentration and temperature were unsuccessful. Therefore, pH-rate studies had to be confined to the narrow range of 7.49-8.0. In this range, the k cat of MATT.F-1 remains constant, offering little information about the contribution of binding site residues, except that any ionizable group present in the binding site does not have a pK a in that range.
Wolfenden (36) has defined the catalytic proficiency of a biocatalyst by division of its second order specificity constant (k cat ͞K m ) with the background rate (k bkgd ) of substrate hydrolysis. This analysis allows a direct comparison of different biocatalysts catalyzing the hydrolysis of different substrates. By this rationale, MATT.F-1 has a proficiency of 1.6 ϫ 10 7 M Ϫ1 , which is higher than that reported for our phosphodiesterase antibody, 2G12, with its substrate 4 (1.3 ϫ 10 6 M Ϫ1 ) (11) elicited by the transition state analog hapten 3 and is only 3 orders of magnitude lower than the proficiency of the naturally occurring enzyme RNase A for substrate 4.
CONCLUSIONS
In this report, we have shown the powerful utility of a bait and switch hapten paradigm for the generation of antibody catalysts. By producing antibodies to the quaternary ammonium hapten 1, we have elicited the most catalytically proficient antibody, MATT.F-1, for phosphodiester hydrolysis yet reported. It is now feasible to envisage a hapten design that incorporates the salient features of both a transition state analog and bait and switch approach and that may lead to the elicitation of antibodies with RNase-like catalytic activity.
